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Optical control of neuronal ﬁring via photoinduced
electron transfer in donor–acceptor conjugates†
Yuta Takano,a Tomohiro Numata,bc Kazuto Fujishima,a Kazuaki Miyake,d
Kazuya Nakao,d Wesley David Grove,a Ryuji Inoue,b Mineko Kengaku,*a
Shigeyoshi Sakaki,e Yasuo Mori,*c Tatsuya Murakamia and Hiroshi Imahori*ad
A series of porphyrin–fullerene linked molecules has been synthesized to evaluate the eﬀects of
substituents and molecular structures on their charge-separation yield and the lifetime of a ﬁnal charge-
separated state in various hydrophilic environments. The selected high-performance molecule eﬀectively
achieved depolarization in a plasma cell membrane by visible light as well as two-photon excitation
using a near-infrared light laser. Moreover, it was revealed that the depolarization can trigger neuronal
ﬁring in rat hippocampal neurons, demonstrating the potential and versatility for controlling cell
functions using light.
Introduction
Exploring the use of excited-states of molecules has been an
active area of research covering versatile elds of physics,
chemistry, and biology. Molecular articial photosynthesis and
photovoltaics are two of the most representative, state-of-the-art
examples in physics and chemistry.1–4 In biology, excited-states
have been employed for imaging,5 sensing,6 and photothermal
and photodynamic therapies.7,8 For instance, excited-states can
react with oxygen via photoinduced energy-transfer (PEN) to
generate singlet oxygen for cancer therapy.8 However, the
inherent reactive nature of singlet oxygen oen interrupts the
other therapeutic eﬀects caused by photoirradiation in biolog-
ical systems.
Photoinduced electron-transfer (PET) reactions between
electron donors and acceptors involve generation of donor
radical cations and acceptor radical anions. For instance, the
corresponding holes and electrons are collected as photocur-
rent in photovoltaics, whereas further oxidation and reduction
reactions by the ionic species lead to the formation of respective
oxidized and reduced products in natural and articial photo-
synthesis. This is in sharp contrast with PEN reactions, where
PEN from energy donors to energy acceptors results in the
formation of the excited-state of the energy acceptors. Since the
energy level of the acceptor excited-state is typically higher than
that of singlet oxygen,9 PEN reactions could be associated with
cell damage. Nevertheless, biological applications with PET
have been limited,10–12 and research eﬀorts on the use of PET
reactions have mainly focused on applications to chemical and
electrical energy conversions.
To extract the full potential of PET reactions, it is essential to
eﬃciently produce a long-lived, charge-separated state.
However, molecular donor–acceptor (D–A) systems tend to form
aggregates in highly polar solutions as well as in the solid state,
which may reduce the net eﬀect of the charge-separated states
because of the cancellation and self-quenching of their excited-
states by aggregation.13 Although a close correlation between
the molecular structure and the net eﬀect of charge-separated
states in aggregates can be considered for energy and biological
applications, such systematic studies have been limited.14
As a target for the control of cellular functions, the cell
membrane potential, which is derived from the diﬀerence in
charges between the outside and inside of the cell membrane, is
one of the most attractive because it plays a key role in biolog-
ical systems in the form of cell signaling.15 In particular, neural
activity is precisely controlled by the membrane potential,
which modulates neuronal ring to trigger the signaling and
release of neurotransmitters.16,17
Here, we report the eﬀects of substituents and molecular
structures on the charge-separation (CS) yield and lifetime of
a charge-separated state of D–A linked molecules in various
hydrophilic environments to demonstrate a promising biolog-
ical application for photocontrol of neuronal activity.
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Results and discussion
Molecular design and synthesis
With the application to biological systems under hydrophilic
environments in mind, a cationic moiety was introduced into
a series of electron D–A linked molecules (Fig. 1). The hydro-
philic moiety is also benecial for the formation of aggregates
in these environments because of the introduction of amphi-
philicity into the molecules. First, a ferrocene–porphyrin–
fullerene triad 1 was chosen because its analogue 5 is known to
exhibit an extremely high CS yield (0.99) as well as slow charge
recombination (CR) (1.1 105 s1) in benzonitrile (PhCN).18,19 A
porphyrin–fullerene dyad 2 without the ferrocene was also
selected to assess the eﬀects of the lifetime of the charge-
separated state, taking into account the high CS yield (0.99) but
fast CR (1.3  106 s1) of its analogue 6 in PhCN.13 Finally,
a triad 3 possessing bulky long alkoxy chains around the
porphyrin core was designed tomodulate its amphiphilicity and
determine the eﬀects of intermolecular p–p interactions
between the porphyrin–porphyrin and/or porphyrin–fullerene
moieties. As a reference compound, cationic porphyrin 4 was
prepared. A mesityl acridinium ion D–A linked molecule 7 is
known to show a high CS yield (0.98) and slow CR (2.4 105 s1)
in acetonitrile.20 Hence, 7 was also used to assess the advantage
of the porphyrin–fullerene-linked molecules (1–3). All the new
compounds were synthesized and characterized by standard
methods, including 1H NMR and FT-IR spectroscopies, and
high-resolution mass spectrometry (see ESI, Fig. S1–S4†).
Characterization of the aggregates
Dynamic light scattering (DLS) measurements were carried out
to characterize the aggregation behavior in highly polar solvents
(Table 1 and Fig. S5†). The mean diameters of 1–3 in DMSO are
5–11 nm. The values are larger than the single molecular
lengths (4–5 nm) (Fig. S6†), indicating the formation of
extremely small aggregates. 1 and 2 exhibit smaller aggregate
sizes (#7 nm) than 3, suggesting that they form in a diﬀerent
manner to that of 3. In aqueous DMSO solutions (1 : 99
DMSO : H2O, v/v, hereaer denoted as DMSO/H2O unless
specied), the aggregate sizes of 1–4 and 7 are much larger (46–
89 nm) than those in DMSO, reecting the higher degree of
aggregation in DMSO/H2O due to the hydrophobic nature of the
molecules in the more polar solvent. The relatively large size
distributions in DMSO/H2O imply non-uniform growth of the
aggregates. Atomic force microscopy (AFM) measurements
visualize the aggregates on mica from DMSO solutions
(Fig. S7†). They are uniform particles whose sizes are compa-
rable to those obtained from the DLS measurements on 1–3 in
DMSO. The larger mean sizes of the aggregates of 4 and 7 than
those from DLS measurements would be caused by the spin-
coating process that leads to intense aggregation of the
compounds on mica.
The UV-visible absorption spectra of 1–3 in DMSO display
similar spectral shapes and peak positions, arising mainly from
the zinc-porphyrin (ZnP) moiety (Table 2 and Fig. S8†). The
spectra of 1–3 in DMSO/H2O are considerably broader than
those in DMSO due to the increase in aggregation in the more
polar solvent. More importantly, the degree of decrease in the
molar extinction coeﬃcient of 3 in DMSO/H2O is smaller than
Fig. 1 Molecular structures of the compounds 1–7.
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those of 1 and 2. This can be rationalized by the weaker inter-
molecular interactions in 3 than in 1 and 2, owing to the steric
hindrance around the porphyrin with the long bulky alkoxy
chains. The Soret-bands of 1 and 2 in DMSO/H2O are red-shied
in comparison with those in DMSO, whereas 3 shows a blue-
shi. This reects the signicant diﬀerences in the electronic
environment and the intermolecular interactions of the
porphyrin moieties.
Next, the photoinduced excited states of the molecules were
studied to reveal the photophysical properties of the aggregates.
The steady-state uorescence spectra of the porphyrin–
fullerene-based molecules 1–3 in DMSO and DMSO/H2O show
strong quenching of the porphyrin uorescence in comparison
with 4 (Fig. S9†). This can be attributed to the occurrence of
eﬃcient PET from the porphyrin excited singlet state (1ZnP*) to
the C60, as demonstrated previously.17,21 The degree of decrease
in the uorescence of 3 in DMSO/H2O relative to DMSO is
smaller than those of 1 and 2, which is consistent with the trend
in the absorption spectra. The formation of the nal charge-
separated states in 1–3 and their reference compounds was
studied using nanosecond time-resolved transient absorption
(TA) measurements (Fig. 2 and S10–S13†). The characteristic
peak at 1000 nm arising from a C60 radical anion (C60c
)
appears in 1–3, whereas the ngerprint of a ZnP radical cation
(ZnPc+) is visible solely in 2.18 Note that the ferrocenium ion
(Fc+) was not detected due to its small molar extinction coeﬃ-
cient at 800 nm.18 The time proles of the C60c
 signal at 1000
nm in DMSO revealed the existence of two components showing
fast (kCR1) and relatively slow CR (kCR2) in 1–3 (Table 3 and
Fig. S10†). The fast minor components of 1 and 3 have kinetics
similar to 5 with the single component and thus can be attrib-
uted to the monomer-like state. The existence of the slow major
components is rationalized by the stabilization of C60c
 assisted
by the other C60 in the aggregates, as the formation of fullerene
dimers or oligomers has been previously proposed.22–24 DFT
calculations predict that the two C60 moieties in a dimer of 1 can
interact strongly in the aggregates (Fig. S14†).
A notable feature of 3 is the largest intensity of DOD at 1000
nm (DODmax), corresponding to the CS yield (2 (0.12) < 1 (0.38) <
3 (0.62) in DMSO; 1 and 2 (<0.01) < 3 (0.57) in DMSO/H2O) on the
measurement time scale. Since the 1ZnP* state is quenched
eﬃciently by the C60 moiety via PET,18 the porphyrin-excited
triplet state (3ZnP*) does not contribute to the CS yield. Note that
we might miss a fast partial CR from the singlet ZnPc+–C60c

states of 1 and 2 occurring in the picosecond region,27 which
would account for the low CS yields relative to 3. Nevertheless,
the highest CS yield of 3 in the polar solvents can be attributed
mainly to the suppression of cancellation of the charge-sepa-
rated states (vide infra) as well as self-quenching in the aggre-
gates due to the long bulky alkoxy chains around the porphyrin
moiety. The decay of the porphyrin uorescence of 1–3 in DMSO
was tted by two components (Table S1†). The slow minor
component (520–1100 ps) may originate from an impurity or
degradation during the measurements. The lifetimes (50–80 ps)
of the fast major components are close to those of 5 (95 ps) and 6
(100 ps) in PhCN,18 but they are shorter. This suggests the
involvement of aggregation quenching, even if the size of the
aggregates in DMSO is small. The uorescence lifetimes of the
short components in DMSO are in the order of 3 (54 ps) < 1 (67
ps) < 2 (77 ps). Although the trend in the CS yields apparently
agrees with that in the uorescence lifetimes, conventionally
corresponding to the CS yields, the diﬀerence in the CS yields
may mainly result from the degree of self-quenching in
the aggregates, cancellation of the charge-separated state in
the aggregates, and plausible fast partial CR from the singlet
ZnPc+–C60c
 state occurring in the picosecond region.27
Table 1 Aggregate size of the compoundsa
Compound Mean size in DMSOb (nm) Mean size in DMSO/H2O
b,c (nm) Mean size on micad (nm)
1 7  2 60  49 9  4
2 5  2 46  41 8  4
3 11  2 80  21 10  5
4 <1e 89  53 6  2
7 <1e 48  13 2  1
a Values  S.D. b Data were obtained from DLS measurements based on number distribution. c DMSO/H2O, 1 : 99, v/v. d Data were obtained from
AFM measurements and image analyses of the particles. The samples were prepared from DMSO solutions. e Value was less than the lower
limitation (1 nm) of the apparatus.
Table 2 Peak wavelengths (l) and molar extinction coeﬃcients (3) of characteristic absorption bands in selected solvents
Compound Medium lSoret
a (nm) 3Soret
a (105 L mol1 cm1) lQ
b (nm) 3Q
b (104 L mol1 cm1)
1 DMSO 431 3.7 562 1.5
DMSO/H2O
c 434 1.6 562 1.2
2 DMSO 431 4.2 562 1.7
DMSO/H2O
c 435 1.8 563 1.3
3 DMSO 432 3.9 562 1.9
DMSO/H2O
c 427 2.3 556 1.6
a The spectroscopic data of the Soret band. b The spectroscopic data of the most intense Q band. c 1 : 99, v/v.
This journal is © The Royal Society of Chemistry 2016 Chem. Sci., 2016, 7, 3331–3337 | 3333































































































To clarify the solvent dependence of the aggregates, steady-state
and TA spectra were recorded in various solvent systems with
diﬀerent dielectric constants (Table S2 and Fig. S15–20†). The
addition of PhCN to the DMSO solutions of 1–3 reveals unique
changes in their molar extinction coeﬃcients of the character-
istic peaks (Fig. S15, S16 and Table S3†). Both 2 and 3 show an
increase in the extinction coeﬃcients of the Soret bands with
the addition of PhCN. In contrast, 1 does not exhibit a simple
trend. Because 1–3 possess amphiphilic properties, their
solvation patterns and structures in the solvents are aﬀected by
the balance of the hydrophilic and hydrophobic parts of the
molecules. The observed trend suggests that 2 and 3 show
a simple correlation with the dielectric constant, whereas 1 does
not follow this trend in the less polar solvent systems. Mean-
while, the addition of water to the DMSO solution drastically
decreases the molar extinction coeﬃcients of 1 and 2 due to the
susceptibility of the porphyrin unit with the 3,5-di-tert-butyl
phenyl groups to water. By contrast, that of 3 decreased grad-
ually owing to the protection of the porphyrin core from water
by the surrounding long alkoxy chains.
The superiority of 3 is evident from the TA spectra in the
various solvents. The highest CS yields among 1–3 are attained
for 3, irrespective of the dielectric constants (Table S2†). It is
noteworthy that the CS yield of 3 in PhCN is comparable to that
of 5 (0.99) in PhCN. Therefore, 3 is expected to become a basal
molecule for utilizing CS in various environments.
Theoretical calculations
DFT calculations were also performed to shed light onto the
intermolecular interactions in the aggregates. For a systematic
study, the C60 (8), porphyrin (9 possessing tert-butyl groups and
10 possessing alkoxy groups), and ferrocene (11) units were
chosen for the calculations (Fig. S21–S24 and Tables S5–S7†).
The binding energies of the dimers of the porphyrins (hereaer
denoted as 9/9 and 10/10) were found to be larger than those of
the other combinations (8/8, 8/9, 8/10, 8/11 and 11/11) (Table
S5†), contributing to the formation of the aggregates in the
polar solvents. In particular, the binding energy of the dimer of
the porphyrins with tert-butyl groups (9/9) is larger than that
Fig. 2 Nanosecond time-resolved TA spectra of (a) 1, (b) 2 and (c) 3 in
deaerated DMSO taken at 1.5 ms, 0.19 ms and 2.0 ms, respectively, after
nanosecond laser excitation. The spectra were obtained by excitation
at 410 nm where the absorbances were adjusted to be identical (0.50).
Table 3 Maximal diﬀerential absorbances (DODmax), CR kinetic constants (kCR) and relative amplitudes in photoinduced charge-separated states
in selected solvent systemsa
Compound Medium 3r
b DODmax at 1000 nm kCR1 (s
1) Amplitude (%) kCR2 (s
1) Amplitude (%) FCS
1 DMSO 46.7 8.3  103 1.4  105 85 2.2  104 15 0.38d
DMSO/H2O (1 : 99) 79.7
c n.d.e
Liposome in H2O n.d.
e
2 DMSO 46.7 2.8  103 1.5  106 57 2.9  105 43 0.12d
DMSO/H2O (1 : 99) 79.7
c n.d.e
Liposome in H2O n.d.
e
3 DMSO 46.7 1.4  102 7.7  104 17 2.5  104 83 0.62d
DMSO/H2O (1 : 99) 79.7
c 5.5  103 2.6  106 66 1.6  105 34 0.57d
Liposome in H2O 2.3  103 5.9  105 68 2.2  104 32 0.27d
7f MeCN 37.5 2.8  102 2.4  105 100 0.98g
DMSO/H2O (1 : 99) 79.7 4.2  103 3.5  104 100 0.37h
a Standard error of the data shown here is less than 5%. b Data from ref. 25. c Value determined by using the Bruggeman equation as described in
ref. 26. d Value obtained by comparison of the maximum intensity at 1000 nm with 5 in PhCN taking into account the diﬀerent molar extinction
coeﬃcients caused by the solvent systems (Table S4†). e Not determined because of the low s/n ratio. f Value obtained from the maximum intensity
at 490 nm, arising from the corresponding radical ion pair. g Data from ref. 20. h Value obtained from the maximum intensity at 490 nm in
comparison with 7 in MeCN taking into account the diﬀerent extinction coeﬃcients caused by the solvent systems.
3334 | Chem. Sci., 2016, 7, 3331–3337 This journal is © The Royal Society of Chemistry 2016






























































































with alkoxy groups (10/10), rationalizing the more intense
aggregation tendencies of 1 and 2 than that of 3 (Table S5†). The
solvent eﬀect does not have an inuence on the order of the
binding energies, which parallels with the similar trend in
DMSO and DMSO/H2O. The intermolecular interactions in the
charge-separated states were also evaluated. The stabilization of
the C60c
 unit and the porphyrinc+ with tert-butyl groups (8/
9+) is the largest among the formable combinations in the
charge-separated states (8/8, 8/9+, 8/11+, 9+/9+ and
11+/11+) (Tables S6 and S7†). This is in accordance with the
more likely occurring cancellation of the charge-separated
states of 2 in the aggregates by the change in the molecular
orientation in the aggregates (vide supra). Taking everything
into consideration, the calculation results support the observed
highest CS yield of 3.
Application for biological membrane systems
Next, we investigated the eﬀects on membrane potential to
explore the potential biological application of the charge-sepa-
rated states of 1–3 and 7. We envisioned that the membrane
potential would be aﬀected by the charge-separated states of 1–3
and 7 that are equivalent to the large electric eld on the
nanometer scale.19,28 The compounds were delivered to PC12
cells by adding their DMSO/H2O solution, followed by incuba-
tion for 3 min. The incorporation of 1–3 into the surface
membrane was successfully visualized by confocal laser scan-
ning microscopy (Fig. 3a and S26†). The inhomogeneous
distribution suggests that the aggregates of 1–3 are retained in
the cell membrane. In contrast, 7 showed localization inside of
the cells instead of in the surface membrane (Fig. 3b). Although
7 showed comparable CR and CS yield compared to those of 3 in
polar environments (Table 3 and Fig. S13†), the observed
localization of 7 persuaded us to abandon the investigation of
its direct eﬀects on the membrane potential in the present
study. Nevertheless, further elaboration of the design of 7would
fulll the requirements for future consideration.
Photophysical measurements in the lipid bilayer were con-
ducted to shed light on the nal charge-separated states of the
aggregates in the cell membrane. First, we attempted to
measure the TA spectra of the aggregates in PC12 cells. Unfor-
tunately, intense aggregation of the PC12 cells hampered the
measurements. Then, we applied an articial lipid bilayer
system (COATSOME® EL-11-A) to evaluate the D–A properties in
a hydrophobic membrane environment. The incorporation of
1–3 into the liposome was complete in 1 h. The UV-vis absorp-
tion spectra show the broadening and red-shi of the absorp-
tions as a result of the incorporation (Fig. S27†). The TA
spectrum of the 3-incorporated liposome exhibits a distinct
contrast from those with 1 and 2. The characteristic peak
derived from C60c
 is evident solely for 3, conrming the more
eﬃcient formation of the charge-separated state of 3 than of 1
and 2 even in the hydrophobic membrane environment
(Fig. S12b and d,† Table 3). This behavior is rather close to that
observed in DMSO/H2O (1 : 99, v/v). Moreover, the CR of 3 (2.2
 104 s1) in the liposome is the slowest among the present
solvent systems. The dielectric constant of the lipid bilayer is
generally estimated to be ca. 2.29 In low polarity environments
the energy levels of the charge-separated states of 1–3 may be
higher than the excited-states of the porphyrin and the C60
moieties, resulting in faster CR than in PhCN due to the rapid
decay to the excited-states.30 The observed slow CR would reect
the dynamic motion of the bilayer at room temperature causing
communication between the surface water molecules and inner
compounds.31 Overall, it can be concluded that the CS property
in aqueous solutions would provide useful insight to predict the
CS property in the lipid bilayer.
Photoinduced changes in the membrane potential were
recorded using patch clamp techniques (Fig. 4a–c). When PC12
cells were treated with 1–3, depolarizations occurred under
illumination with light (400–450 nm) over time, reaching
a constant membrane potential. Meanwhile, the illumination of
PC12 cells in the absence of 1–3 did not result in a change in the
membrane potential (Fig. S28†). It is noteworthy that the
amplitude of the depolarizations is in the order of 2 < 1 < 3
(Fig. 4d). Moreover, it was found that 3 can induce a one and
a half times larger depolarization than 1. This order parallels
that of the CS yields in DMSO, DMSO/H2O and even in the
liposome, rather than the lifetime of the charge-separated state,
suggesting the importance of the CS yield for the depolariza-
tion. In terms of the nanoscale electric elds that are induced by
the CS, one can expect a comparable magnitude of the electric
elds of 1 and 3 based on the same edge-to-edge distance (3.9
nm) between the radical ion pairs (Fig. S6†). Thus, the experi-
mental result also supports the importance of the CS yield for
the depolarization. Although the shorter edge-to-edge distance
(2.5 nm) of the charge-separated state of 2 can generate a 1.56
times larger electric eld than those of 1 and 3, the smallest
depolarization is observed in 2. These comparisons indicate
that the CS yield and the lifetime of the nal charge-separated
state rather than the magnitude of the electric eld have a large
impact on the depolarization. We also conrmed that the
depolarization does not correlate with the order of the reactive
oxygen species (ROS) generation ability, cell death inducing
Fig. 3 Confocal microscopy images of PC12 cells that were stained
using wheat germ agglutinin (WGA)–Alexa Fluor®488 conjugate and
treated with (a) 3 and (b) 7, where the red bars denote 5 mm. Merged
image (left), compounds (magenta, center), and the Alexa Fluor488
conjugate (green, right).
This journal is © The Royal Society of Chemistry 2016 Chem. Sci., 2016, 7, 3331–3337 | 3335






























































































ability (Fig. S29†) and number of incorporated molecules per
single cell (Table S8†). This ensures that the depolarization is
not caused by membrane damage.32 Therefore, it can be
concluded that the generation of charge-separated states with
high CS yields is a key to achieving large photoinduced
depolarization.
The use of porphyrins as a sensitizer enables us to utilize
a non-linear optical response, i.e. two-photon excitation,33 using
a laser of near-infrared (NIR) light, which possesses less pho-
tocytotoxicity and higher penetrability in tissues than blue light.
3 can be excited by two-photon absorption as evidenced by its
excitation wavelength-dependent uorescence (Fig. S30a†).
Consequently, it was found that the depolarization of the cell
membrane can be induced by a NIR pumped pulsed laser at 860
nm in the presence of 3 (Fig. S30c†).
Furthermore, the triad 3 exemplied its ability to change the
cell membrane potential of a primary cell. In rat hippocampal
neurons, 3 successfully led to the photoinduced depolarization
of the cell membrane (Fig. 4e–g). Remarkably, the depolariza-
tion was accompanied by an increase in the frequency of the
action potentials because of the change in the basal membrane
potential toward neuronal ring (Fig. 4h and i).34 Since action
potentials are one of the most important neural activities, i.e.,
cell signaling and gene expression,16,17 3 is a promising mole-
cule for controlling neuronal cellular functions using light.
These results corroborate the potential and versatility of the
porphyrin-based CS molecules for controlling cell functions
using light.
Conclusions
To extract the full potential of PET toward practical biological
applications, the eﬀects of the substituents and molecular
structures of electron D–A linked molecules on their nal CS
yield and lifetime of the charge-separated state have been
examined in biological hydrophilic environments. Aer explo-
ration, the selected high-performance CS molecule successfully
achieved induction of neuronal ring by illumination. The
results are benecial not only for understanding the eﬀects on
the CS parameters closely associated with rational molecular
design, but also for realizing photocontrol of cellular functions
using D–A linked molecules, which could become a new indis-
pensable tool for phototherapy.
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